I. Ever since Minkowski published his four-dimensional representation of space-time, the dominant view in physics and philosophy has been that time is a fourth dimension such that human perception of change and the passage of time is a mere illusion, due to our particular slicing of space-time. But fourdimensional space-time is a block universe. This conclusion takes the form of an inference from the measurable and observable evidence. Traditionally the block universe was inferred from the stipulation of relative simultaneity as a consequence of the Special theory of relativity (STR) (Eddington, Einstein, Gödel). But newer defences infer a static block universe from the well-known relativisitic effects: length contraction, time dilation, the twin paradox. The argument states that such relativistic effects would be impossible in a threedimensional world. As they occur and are observed, it is legitimate to infer a) that the physical world is four-dimensional, and not just a mathematical representation, and b) that this four-dimensional world is static and timeless. The conception of the block universe, however, focuses on Minkowski's geometric approach, which is based on his world postulate. But an alternative view has been in circulation since the 1910s according to which the nature of space-time has to be based on the behaviour of light. (Robb 1914 , Cunningham 1915 , Carathéodorys 1924, Schlick 1917, Reichenbach 1924 These axiomatic approaches constitute a light geometry, according to which the behaviour of signal propagation, under thermodynamic aspects, form histories of trajectories in space-time. It is the assertion of this paper that they give rise to a different inference regarding the nature of space-time. If we built our inferences to the nature of space-time on other aspects of the physical 1
world, which nevertheless fall within the domain of the Minkowski space-time conception -dissipation and energy flows -we arrive at a dynamic conception of Minkowski space-time.
Note that this alternative view does not deny the four-dimensional reality of space-time. If we accept the four-dimensionality of the physical world, and then inquire whether it is 'static' or 'dynamic', it is important to go beyond mere kinematic aspects of the physical world, as enshrined in the equations of the STR, and consider dynamic aspects, related to questions of energy flow, entropy and dissipation.
The paper will explore the compatibility of Minkowski's space-time representation of the Special theory of relativity with a dynamic conception of space-time by investigating axiomatic approaches to the STR, as they were developed by Robb (1914) , Carathéodory (1924) and Reichenbach (1924) . A central feature of these accounts is to regard the propagation of optical signals as constituting histories of space-time relations. As it turns out this propagation involves invariant sequences between events, which become central for the understanding of time. It will be argued that the roots of a dynamic conception can be located in the thermodynamic and entropic features of the propagation of signals in space-time. If we accept that the geometry and nature of space-time have to be inferred from a range of measurable and observable phenomena (cf. Huggett 2006; Petkov 2005) , and that the inference is legitimate on both the axiomatic and geometric approaches, we must conclude that the question of the ontological nature of space-time is at this stage a case of undetermination by the evidence.
II. Axiomatic Approaches to Space-time. Let us now consider what
effect a chosen representation has on our understanding of space-time. Since
Minkowski's introduction of the conception of four-dimensional space-time, a minority view has scraped a meagre existence in the shadows of the majority view. The majority view is the Parmedian block universe, aptly expressed in Einstein's words: 'From a "happening" in three-dimensional space, physics becomes (…) an "existence" in the four-dimensional "world".' (Einstein 1920, 122 ) Although Einstein's early commitment to the block universe was inspired by Minkowski's world postulate, in his later years Einstein wavered in his support for the Parmedian view. He began to consider thermodynamic aspects of the propagation of signals in space-time. This alternative view, which is notable for its Heraclitean ancestry, had its predecessors in the axiomatic approaches adopted by A. A. Robb (1914 ), C. Carathéodory (1924 and H. Reichenbach (1924) . It avoids the binary choice into which McTaggart's metaphysical speculations seem to lure us: either we accept a dynamic A-series or the static B-series, but in either case time is unreal. The alternative view offers the conceptual possibility of a dynamic space-time, which is nevertheless rooted in the B-series. This view is worth exploring because it allows us to fully accept the consequences of the theory of relativity, without endorsing the Parmedian view of the block universe.
But how is this schematic programme to be cashed in? What does it mean that space-time trajectories have a history? To answer this question we do well to look at some attempts to construct axiomatic accounts of space-time, which do not start from Minkowski's 'absolute world postulate'; in Einstein's words it is a 'four-dimensional continuum described by the "co-ordinates" x 1 , x 2 , x 3 , x 4 , (which) was called "world" by Minkowki, who also termed a point-event a "world-point". (Einstein 1920, 122) Reichenbach, Robb and Carathéodory developed, apparently independently of each other, such axiomatic accounts, which start from a basic 'before-after' relation between null-like related events. Although these events are represented in geometric terms, they are crucially based on optical facts, like the emission and absorption of photons.
The propagation of these signals constitutes an invariant conical order under the Lorentz transformations. The null-like and time-like trajectories between space-time events form the Minkowski world lines of light signals and material particles, respectively. The propagation of these signals constitutes a history of space-time relations, which may include both kinematic and dynamic aspects. 1 II. 1. A. Robb's Account. These axiomatic attempts reverse the usual tendency to 'spatialize time'. Robb starts with the thesis that 'spacial relations' may be analyzed in terms of the time relations 'before' and 'after' or, as he concludes, 'that the theory of space is really a part of the theory of time'.
(Robb 1914, Conclusion) Essential for this conception is the notion of conical order, which is analyzed in terms of the relations of 'before' and 'after' instants of time. An instant (an element of time) is the fundamental concept, rather than the space-time event. Furthermore the 'before/after' relation of two instants is an asymmetrical relation. In this way Robb builds a system of geometry, in which we encounter the familiar light cones of the Minkowski representation of space-time. Robb reverses the Minkowski approach in terms of geometrical relations and starts from physical facts, an approach, which is reflected in Einstein's later reservations about the block universe.
If a flash of light is sent out from a particle P at A1, arriving directly at particle Q at A2, then the instant A2 lies in the α-subset of instant A1, while the instant A1 lies in the ß-subset of A2. Such a system of geometry will ultimately assume a four-dimensional character or any element of it is determined by four coordinates. (…) It appears that the theory of space becomes absorbed in the theory of time. (Robb 1914, 8-9) Here the α-subset is the future light cone of instant A1 and the ß-subset is the past light cone of A2. (Figure I ) After 21 postulates and over 100 theorems defining the light cone characteristics, Robb eventually defines the familiar conditions of the space-time interval, ds. The most interesting aspect of Robb's axiomatic system is that it regards Minkowski's contribution as 'merely analytical' and treats the geometry as a 'formal expression' of optical facts, like the propagation of signals in space-time. Thus Robb unwittingly opens up the possibility of considering kinematic space-time relations with respect to other physical aspects of space-time, since his declaration that 'a before-after relation of two instants is an asymmetrical relation' (Robb 1914, 5) will be based on thermodynamic aspects of electromagnetic radiation. Robb's intention is to clarify notions like the conventionality of simultaneity by avoiding attempts to define 'instants of time at different places'. By declaring that events are instantaneous which occur at the same instant, Robb anticipates the notion of relative becoming and local temporality, which have recently been mooted. 'The present instant, properly speaking, does not extend beyond here.' (Nature 107, 1921, 422) But in the end Robb is still puzzled about time:
Though space may be analyzable in terms of time relations, yet these remain mysterious; events occur in time, yet any logical theory of time itself must imply the Unchangeable. (Robb 1914, Conclusion) P (A1) Figure I : 'Corresponding to any point in space, there is an α-cone of the set having that point as vertex, similarly there is also a ß-cone of the set having the point as vertex. If A 1 be any point and α 1 the corresponding α-cone, then any point A 2 is after A 1 , provided A 1 ≠ A 2 and A 2 lies either on or inside the cone α 1 . ß α Q (A2) (Robb 1914, 5-6) II. 2 C. Carathéodory. In 1916 Einstein encouraged Constantin Carathéodory to consider the problem of closed world lines in the General theory. (Hentschel 1990, 352-4) Ten years later, and without referring to Robb, Carathéodory (1924) started with the STR and took a similar approach but with fewer axioms and postulates. Carathéodory aims at a simplification of Einstein's theory: it is to be based on temporal relations (earlier, later, simultaneous) The propagation of light in (our topological space) ℜ is to be called 'normal' if, amongst all possible representation of the space ℜ by three parameters, there exists at least one coordinate system x, y, z, which satisfies the following condition:
If we interpret x, y, z as right-angled coordinates of a Euclidean space, then of two simultaneously emitted light signals, which run through the two closed light polygons and whose end points coincide with the origin O of the coordinates x, y, z that signal is to arrive earlier, which describes the shorter (in a Euclidean sense) polygon. If the two polygons are of equal length, the signals are to arrive simultaneously.
This shows that in a space of normal light propagation there exists a natural measure for both distances and angles, which depends solely on temporal measurements from the light polygons. (Carathéodory 1924, § §9, 10 ; translated by the author)
As noted earlier, it is one of the advantages of these axiomatic approaches, based as they are on 'optical facts', that they permit an easy transition from kinematic to dynamic considerations. This is reflected in Carathéodory's observation that Liouville's theorem in classical mechanics states that a volume element along a flowline conserves the classical distribution function :
(1) (Kittel/Kroemer 1980, 408; Albert 2000, 73f) In other words, if we consider trajectories in phase space, which include both position and momentum of particles, then the equation of motion of such systems can be expressed in terms of its Hamiltonian, H. H expresses the conservation of total energy of the system.
Liouville's theorem then states that the volume of the phase space, which an ensemble of trajectories occupies, remains constant over time. Translated into the language of three-dimensional light cone structure, Liouville's theorem shows that the volume of the phase space regions is invariant over time even though the expansion of the trajectories within this volume can start from different initial states. But an immediate consequence of this theorem is that even though the volume is preserved the shape of this phase space region is not preserved (see Figure II ) and this implies a dynamic evolution of the trajectories within this region. For two shapes cannot differ from each other without an evolution of the trajectories. III. Towards Dynamics. An essential aspect of the geometric view of STR is that it only deals with kinematic relations. But if the world is four-dimensional and observers only experience a three-dimensional world through their slicing of four-dimensional space-time, it will be important to include some dynamic aspects of this pseudo-Euclidean world.
III.1 Dynamic Aspects. For a consideration of dynamic aspects it is important
to introduce some physical grounding to the asymmetric kinematic relations as the axiomatic approaches of Reichenbach, Robb and Carathéodory emphasize.
The axiomatic approaches seek a physical grounding to the asymmetric relations between space-time events in 'optical facts'. For the question that needs to be addressed is: Even if the 'before-after' relation, which is central in the axiomatic approaches, constitutes an asymmetric relation between space-time events, how does this linear order lead to a dynamic view of space-time? Here we want to consider some entropic aspects, because light propagation and signal propagation can be characterized in terms of energy flows and dissipation, processes which are subject to such entropic constraints. A relativistic space-time <M, g, ∇> is said to be temporally orientable if there exists a continuous nonvanishing vector field on M which is timelike with respect to g. (Earman 1974, 17; cf. Cf. Huggett 2006, 234) The metaphorical arrow of time is then seen as an expression of the geometrical time-asymmetry of the universe. (Aiello et al. 2008) 3) Alternative models for the 'arrow of time' on a global scale have been proposed, for instance the expansion of the universe from the big bang. (Gold 1966; Earman 1974; Earman 2006) The entropy-free approach may be more satisfactory for a global arrow of time but it has no impact on the interpretation of Minkowski space-time. In fact it
shows that we should clearly distinguish between the 'passage' and the 'arrow' of Robb and Carathéodory were inertial observers they would direct their attention to thermodynamic properties of signal propagation, which could serve as their basis for inferences about space-time. Whilst the geometric view infers the block universe from the relativity of simultaneity and more recently from other relativistic effects, the axiomatic view will consider dynamic properties of signal propagation, which are considered as the physical basis of the geometric relations. More importantly, as we shall argue below, it will focus on certain invariant relationships between events in space-time.
For the relationist the physical grounding of time is an essential aspect. Apriori it does not matter whether time is measured by heart beats, the orbit of planets around the sun, atomic oscillations, or the anisotropic propagation of electromagnetic signals in space-time. What matters are appropriate regularities and the amount of invariance associated with regular processes across different reference frames. For instance, as we shall see below, the temperature of a moving body is relativistically invariant so that a thermostat could in principle serve as a 'clock' to be used by observers in Minkowski space-time. In practical terms, however, some 'clocks' are less likely to succeed than others. Consider the exchange of signals in the famous twin paradox. The twin paradox can be treated in Minkowski space-time because the periods of acceleration and deceleration of the travelling twin can be made arbitrarily small compared to the journey times.
As is well-known the respective ages of the twins are subject to relativistic time dilation such that, during the journey time, the earth-bound twin will age more wave fronts whose source is in each case the respective source of emission. The earth-bound twin receives fewer signals from his brother than vice versa. They will agree that the emission event is in each case prior to the reception event: the order of these events, marked by the energy flow, is invariant although they will disagree about the length of the events between emission and absorption, as expressed in the relativistic Doppler formula. Thus the twins will clearly be able to establish earlier-later relationships between events and they will agree on this order for time-like related events.
The twins have every reason to believe that 'earlier-later' relations exist between events in space-time and more generally that space-time trajectories acquire histories in space-time. These histories, as the axiomatic approach has shown, are not confined to kinematic relations between events, but comprise dynamic considerations.
If they focus on the mechanical laws, which hold between events in space-time, they will find these mechanical laws to be time-reversal invariant, which would not be conducive to a dynamic view of space-time. On the other hand, if the world is truly four-dimensional, as many infer from the STR, it is not legitimate to infer assertions about the nature of space-time from a limited range of phenomena.
We should not focus on mechanical aspects at the expense of thermodynamic considerations. The latter route was followed by Reichenbach and Grünbaum.
IV. Irreversibility, Regularity and Invariance. In this section we shall consider which inferences about the nature of space-time follow from a shift to dynamic aspects. The direction of physical processes, and with it the direction of time, is thus explained as a statistical trend: the act of becoming is the transition from improbable to probable configurations of molecules. (Reichbach 1956, 55) Further, Reichenbach points out (1956, 60) that the statistical form of the second law defines a value of S for both equilibrium and non-equilibrium states. This entropic approach has been criticized as 'yielding the wrong result somewhere in space-time'. (Earman 1974, 22) 1. Grünbaum does not assume that entropy is defined for the whole universe.
IV
To be fair to Reichenbach, he holds that the overall entropy of the universe can only be inferred from the entropic behaviour of branch systems. 'The universal increase of entropy is reflected in the behaviour of branch systems, so to speak; and only this reflection of the general trend in many individual manifestations is visible to us and appears to us as the direction of time. ' (Reichenbach 1956, 131) 2. Grünbaum does not assume parallelism of entropy increase in branch systems and the universe. Thus Grünbaum is truly committed to the sectional nature of the passage of time in local neighbourhoods.
Whilst the entropic approach satisfies the space-time relationist's need for physical systems, it also suffers from some weaknesses. For instance,
Reichenbach's characterization of branch systems as 'systems that branch off from a comprehensive system and remain isolated from then one for some time' (Reichenbach 1956, 118 ) is relatively ill defined and neglects that no subsystem is ever totally isolated from the more comprehensive system. Reichenbach claims that the entropic approach can solve the problem of time. This claim has several important aspects, which should be carefully distinguished: A) It indicates dynamic and regular features of signal propagation in Minkowski space-time.
Reichenbach points out that the entropic approach confirms common sense in its intuition that 'time flows' and that 'becoming occurs'. (Reichenbach 1956, 17) The concept of becoming acquires a meaning in physics: The present, which separates the future from the past, is the moment when that which was undetermined becomes determined, and 'becoming' means the same as 'becoming determined. ' (Reichenbach 1956, 269; cf. Torretti 2006) But the language of space ensembles (ensembles of branch systems) no longer refers to the language of world lines and time-like related events. ]. The experimenters concluded that 'the temperature of classical gaseous systems can be defined and measured in a Lorentz invariant way. ' (See Cubero et al. 2007) In principle it would be possible to read time off these thermostats but in practice it is inconvient and other methods are preferable. 1907; Pauli 1981, §46-9) What follows from this invariance is that the convergence and divergence of signals is frame-independent, in local neighbourhoods.
The central aspect in these invariance aspects is that the direction of the energy flow runs in the same direction for all observers. So even though two observers do not agree on the reading of their respective clocks they will agree on the divergence of their signals from their point of origin. They therefore have a physical grounding for their time measurements.
(…) with the energy flow pointing to the same direction all over the spacetime, we can legitimately say that σ > 0 [σ is entropy production per unit volume] corresponds to a dissipative decaying process evolving from non-equilibrium to equilibrium as and σ < 0 t γ − e corresponds to an antidissipative growing process evolving from equilibrium to non-equilibrium as . The two processes, which in principle are only conventionally different, turn out to be substantially different due to the future-directed energy flow that locally expresses the global time-asymmetry of the universe. (Aiello et al. 2008, 287) 
In this connection it is helpful to introduce a 'spreading metaphor' to capture the essence of the second law. According to this metaphor the entropy symbol, S, is a shorthand for spreading of energy, which includes spatial spreading of energy and temporal spreading over energy states. This entails a picture of dynamic equilibrium in terms of continual shifts from one microstate to another. (Leff 2007 (Leff , 1748 In order to quantify the spreading metaphor, a spreading function is introduced, which is a function of a system's energy E, its volume V and particle number N. Connecting the spreading function to entropy S, Leff writes: ℑ For a constant-volume heating process that proceeds along a given curve, With these considerations in mind we can return to our earlier observation that histories in space-time must include both kinematic and dynamic considerations.
If we consider a) that time reversal invariance of the dynamic laws is broken by energy flows, pointing in the same direction in local neighbourhoods in spacetime and b) that the spreading metaphor captures essential aspects of the 2 nd law, we notice a longstanding association of time with cosmological regularity.
Prior to Einstein, all approaches to time agreed that time was a universal parameter, irrespective of the question of whether it only existed in the mind or in the physical world and irrespective of the question whether it existed in the absence or the presence of physical events. The requirement for regularity in some physical system is well reflected in the relational view and its notion of physical time. It is important to note that the STR obliges us to require that these regularities must possess a certain amount of invariance across coordinate others. The other strategy is patience: it is possible that some future measurable effect will be able to resolve the stalemate between the block theorist and the space-time relationist. For instance, Saunders (1996) holds that physics can decide between metaphysical views. The writer's own view is that it is unreasonable to suspect that science can be a judge in matters metaphysical.
However, it is altogether reasonable to expect that some future observation will show that one metaphysical view is more compatible with the results of relativity than its opponent.
